This study investigates the role of familial transmission on individual survival in an inland community of Sardinia that stands for the exceptional longevity of its inhabitants. The analysis considers the complete survival trajectories of individuals born in the village of Villagrande Strisaili from unions in the period from 1850 to 1910 and aims to estimate the possible effect on the relationships parent-offspring and between siblings. Our results show that the frail familial component of the population, rather than the robust one, proves to be a good predictor of individual survival. No association between father survival and that of children was found. Having instead a long-living mother increases lifespan, especially for daughters. But the strongest relationship is that observed between siblings. The survival of siblings is positively associated with individual survival and this relationship is particularly strong for males. This finding points for both genetic and environment influence, and particularly of early-life conditions, on longevity.
Introduction
Human longevity is complex and numerous studies conducted up to the present time have shown that there is not a single straightforward explanation for longer survival but that several factors must be taken into account when examining longevity. Within the eligible determinants used to explain longer survival, family characteristics have proved to play a relevant role, both in terms of inherited genetic traits and of a common shared environment.
Since the last century, with the work of Beeton and Pearson (1899; 1901) , the inheritability of longevity has been the subject of several studies which focused on the analysis of genealogical records (Jalavisto 1951; Gudmundsson et al. 2000; Westendorp and Kirkwood 2001; Gavrilov and Gavrilova 2001; Mitchell et al. 2001; Kerber et al. 2001; Garibotti et al. 2006) or on selected population subgroups such as twins (McGue et al. 1993; Herskind et al. 1996; Ljungquist et al. 1998; Iachine et al. 1998 ) and centenarians (Poulain et al. 1998; Perls et al. 2002 Perls et al. , 2007 Willcox et al. 2006; Gavrilov and Gavrilova 2011; Jarry et al. 2012a Jarry et al. , 2012b , as well as on the possible relationship between parents, siblings and spouse with respect to successful ageing (Frederiksen et al. 2002; Gionça and Zaninotto 2008; Liu et al. 2011 ) and survival (Bocquet-Appel and Jacobi 1990; Dejardins and Charbonneau 1990; Cournil et al. 2000; Blackburn et al. 2004; Mazan and Gagnon 2007; You et al. 2010) .
The use of reconstructed family databases collected by researchers in biodemography and by historical demographers represents an alternative approach to pure genetic analysis in the investigation of the role of the familial component for survival, although demographic data lead to indicative and non-conclusive results.
The aim of this contribution is an in-depth study of the role of familial transmission on individual survival through the use of historical data of an inland village of Sardinia-Villagrande Strisaili, which has been documented as a particularly longliving community (Poulain et al. 2004; Salaris 2010; Poulain et al. 2011) . Prior work carried out in the same village by Salaris (2010) on the possible role of family characteristics on individual survival that used a fixed longevity threshold could show that maternal age at death predicted higher survival and, more importantly, that having at least one sibling that reached 90 years proved to influence longevity. Previously, a study on a selected number of Sardinian centenarians' pedigrees conducted by had stressed the existence of a familial component in Sardinian longevity, in most cases originating from the maternal side.
The present study considers the survival trajectories of individuals born in the village of Villagrande Strisaili from marriages in the period from 1850 to 1910. While Salaris's previous study (2010) took into account statistics from 1866-the year of the institution of civil status registers-this analysis is extended back to the period before 1866, thanks to information gathered from parish registers. By adopting a longitudinal perspective, each individual is followed from birth to death. The relationship between age at death of parents (mother and father) and of siblings is investigated here by adopting relative longevity thresholds that take into account the general level of survival of the population. These thresholds led to the identification of groups of survivors classified as frail, normal and robust.
The decision to conduct a population-based study for the village of Villagrande Strisaili was driven by the need to gather information not only on single individuals but also on all family links. To avoid bias due to incompleteness or selection of subjects, all family members are included in the initial database who were alive at the time of the study in the village, including those who later died young. The population under study was then reduced to a clearly identified group of individuals, starting from all individuals born from marriages concluded between 1850-1910, and later focusing on 50-year-old survivors.
Studying a single setting limits the effect that differences at individual level in both physical environment and culture could have on survival estimates. Since individuals share the same geographical space they are assumed to be exposed to the same environmental and cultural conditions. Therefore, this approach makes it possible to investigate the role of familial variables while controlling for most community variables.
The present contribution focuses on the estimation of possible effects on the relationships parent-offspring and between siblings in a population such as that of Villagrande Strisaili which, as mentioned earlier, has proved to be particularly longliving (Poulain et al. 2004 ). According to the indications derived from prior research (Christensen et al. 2006) and in order to measure the effect of genetic endowment as well as to exclude from the investigation the influence of early and accidental deaths, the analysis focuses on the survival, after age fifty, of persons born in the selected village. By means of survival analysis the study looks at the relationship between age at death of an individual and that of his/her father and mother, as well as that of any siblings, and devotes particular attention to sex and birth cohort differences.
Data and methods

Data sources and data quality
The data for this study were mainly obtained from civil status registers introduced in 1866 in all municipalities of the newly unified nation of Italy, and from reports of all vital events (birth, marriage, death) occurring in the municipality (Del Panta and Rettaroli 1994) . To gather information on demographic events occurring before 1866, data collection has also included parish registers, which are available for Villagrande Strisaili since 1633 (Anatra and Puggioni 1983) . These latter registers and the population registers (i.e. anagrafe) were systematically used to crosscheck information reported in vital statistics. Data were collected at individual level.
Through the analysis of birth, marriage and death acts, the survival trajectory of each individual was followed from birth to death. This procedure of individual linkage between different demographic events allowed for a rigorous validation of data used. Possible cases of under-registration of births and related deaths, effects of selective migration, age misreporting at older ages and problematic linkages were carefully considered in order to ensure high-quality data.
Population under study
The municipality of Villagrande Strisaili is one of the 14 municipalities identified in the Blue Zone of longevity in inland areas of Sardinia (Poulain et al. 2004 ).
The population under study was selected starting from all marriages that took place in the village of Villagrande Strisaili from 1850 to 1910, which were 444 in total. In summary, 2,306 children were born from these unions, recording an average of 5.2 children per family. Data collection covered the period from 1850 to 2010 and provides a level of coverage of 94.4 per cent of known survival for 2,306 individuals included in the database.
Based on the indications derived from prior research on longevity (Christensen et al. 2006) , we decided to focus on post-reproductive survival, namely on 50-yearold individuals (1.018 cases). In this manner, the effect of early deaths (infant and child mortality) as well as accidental deaths could be excluded from the analysis. The distribution of 50+ survivors approximates a normal curve (Cournil et al. 2000) , individuals can die almost exclusively from causes related to the ageing process which facilitates the exploration of possible genetic effects, despite the fact that early-life conditions and shared environment have persistent effects at old age.
Only children (i.e. people having no siblings) and individuals who appeared to be the sole survivors to 50 years of the family of origin were excluded from the analysis. Therefore, the study of survival resemblance was restricted to all individuals for whom ages at death of both father and mother were known and who had siblings surviving at 50 years old and over (874 cases).
The exclusion of a limited number of cases, because of only partially available information, from the original group of survivors aged 50+, results in the reduction of the number of examined cases to 874. This in turn may create a phenomenon of survival selectivity. The 174 individuals excluded are distributed as follows: 87 cases (50%) with incomplete information on both parents' survival; 77 cases (44%) that had no siblings surviving to age 50 and over; 10 cases (6%) of only children. Differences in survival curves were therefore tested for significance, both considering all individuals (Breslow chi square = 1.444, p-value = 0.486; log-rank chi square = 1.026, p-value = 0.599) and separately by sex (for females: Breslow chi square = 0.556, p-value = 0.757; log-rank chi square = 0.684, p-value = 0.710; for males: Breslow chi square = 0.983, p-value = 0.612; log-rank chi square = 0.405, p-value = 0.817). The excluded cases were equally distributed over all ages and this implied no significant differences from the initial database and no introduction of sex biases as confirmed by sensitivity test scores.
Differences in the mean age at death of individuals under study, of father, mother and siblings, were also checked and calculated separately for the initial database and the final subpopulation used for the analysis. No impact whatsoever on average survival estimates was noted.
Demographic variable for analysis
The goal of the study is to investigate family transmission of longevity, therefore the focus is on the relation between individual survival and that of parents (father and mother) and of siblings, with particular attention devoted to sex and birth cohort differences.
Age at death of father, mother and siblings has been specified as categorical variables in preliminary exploration of the data, namely in comparison of means and Kaplan-Meier survival curves, and as a continuous variable in Cox proportional hazard models thereafter.
As in prior works the choice of a fixed survival threshold has proved to greatly influence the observed hereditary effects of parental survival on that of their offspring (Cournil et al. 2000) , the survival experiences of parents and siblings were operationalised here through the creation of a variable based on a relative longevity threshold according to the distribution of deaths and their cumulative percentage.
Long-living fathers, mothers and siblings were identified in the eightieth percentile and above as proposed by Blackburn et al. (2004) , taking into account in this way those individuals that survived longer compared to the general population level. 1 This group has been denominated here as 'robust'. In order to consider the presence of different groups of survivors other than the robust ones, two additional groups were identified in this study. In a similar way but in opposition to the robust, in the twentieth percentile and below of the distribution of deaths, individuals less fit for survival were classified as 'frail'. All other survivors were considered as 'normal'.
With regard to the thresholds of relative ages for identifying the 'robust' and 'frail' parents and siblings, the relative survival threshold for 'frails' was identified for females at 57.9 years (father), 55.3 years (mother) and 75.1 (siblings); and for males at 56.9 years (father), 56.3 (mother) and 73.0 (siblings). With regard to the 'robust' group of survivors, the longevity threshold for females corresponded to 83.3 years (father), 83.6 years (mother) and 86.8 years (siblings); while for males it was 83.6 years (father), 83.3 years (mother) and 86.2 years (siblings).
The use of survival categories has been instrumental for early data exploration, since it is known that historical time has an impact in the distribution of age at death (i.e. cohort effect). This limitation disappears in the Cox models, where all survival variables are considered as continuous and the effect of changing historical conditions is included in the model by controlling the estimates for the birth cohort of the individuals and of both parents.
The average age at death of siblings deserves further clarification. What was mentioned above with regard to the identification of survival groups is true for the average age at death of sibship excluding the individual in focus (as proposed by Mazan and Gagnon 2007) and this measure is used hereafter to investigate differences in mean survival and Kaplan-Meier estimation. The use of this average allows us to assign a value to each individual which summarises the survival experience of the sibship aged 50 and over.
In the Cox models it was decided, however, to weigh the average age at death of siblings previously calculated by the proportion of survivors belonging to the eightieth percentile and over (longevity threshold at 90.1 years), excluding also in this case the age at death of the individual in focus from the calculations. The classification as to robust or not robust was carried out on the basis of age at death of individuals and the weight was determined by the proportion of individuals over the eightieth percentile compared to the total number of 50-year-olds and over in the same family. This weighting system was constructed to take into account the fact that any episodes of marked longevity might be repeated in many individuals within the same family. Weight therefore strengthens the membership of individuals of possibly robust families. This measure, however, does not allow us to distinguish between genetic and environmental components.
Finally, family groups were identified and coded with a unique four-digit number assigned to each family to allow the introduction of family-shared frailty based on survival of all siblings (including the individual in focus) in the extended Cox proportional hazard model. All three proposed measures of average sibling survival (average age at death of siblings excluding ego, weighted average at death of siblings, and shared sibship frailty) were considered alternatively in the Cox proportional hazard model fit.
Methods
The initial exploration of the data was performed by sex and by average survival of individuals according to their familial longevity group (i.e. frail, normal, robust fathers, mothers and siblings). Differences were tested for significance. To improve the understanding of the possible relationship between the survival of family members and that of the individual in focus in a longitudinal perspective, the analysis was further developed using a non-parametric approach, namely the Kaplan-Meier survival estimation (Kleinbaum 1995) . Differences within categories were tested for significance by means of Breslow and Log Rank tests (Blossfeld and Rohwer 2002) .
Finally, a series of Cox models were fit to assess whether other family members' survival could be deemed a good predictor of the individual lifespan. Model 1 considers all covariates without any specification or stratification. In Model 2 the estimates are controlled for the effect of birth cohort of ego and that of his/her father and mother, thus taking into account the role of secular improvements in survival. Sibling survival here considers the average age at death of siblings as proposed by Mazan and Gagnon (2007) .
Given the relevance attributed in prior research to sibling survival as a powerful predictor of individual lifespan, Model 3 investigates the effect of siblings' survival, this time weighting their average age at death by the proportion of survivors at the eightieth percentile and above, considering the concept of robustness in each family. Due to the importance of possible sex differences in parent-offspring transmission of longevity, Model 2 and Model 3 were run separately for males and for females.
Finally, Model 4 attempts to examine the relationship between siblings' survival simultaneously, moving from a traditional Cox model to an extended one (Therneau and Grambsch 2000) by introducing into the model family-shared frailty, which considers the survival of all siblings including the individual in focus. As reported by Fan and Li (2002:80) "frailty corresponds to a random block effect that acts multiplicatively on the hazard rates of all subjects in a group". In our case the group is represented by the family, whose members share both genetic and environmental influences on longevity. Shared frailty aims at accounting for unobserved factors affecting an individual's risk of mortality which are assumed to be equally shared with others in the family (Wienke 2003; Garibotti et al. 2006 ). Shared frailty is here assumed to be gamma-distributed (Therneau and Grambsch 2000) . All the covariates included in the Cox models met the proportionality assumption which was tested using Schoenfeld residuals (1982) .
Results
Parental transmission and survival resemblance of siblings
From the analysis of the distribution of age at death and of average values it emerges that there are no significant differences by sex between Villagrande Strisaili 50-yearold individuals as the mean age at death for females is 79.8 years (max. 107.9 years), while for males it is 79.9 years (max. 104.9 years). Figure 1 shows that males and females in Villagrande Strisaili follow similar mortality patterns and the greater proportion of deaths for both sexes occurs from age 75 to age 94 and the modal age group is observed at 85-89 years old.
When we shift attention to the distribution of death among parents, we observe that parents record lower mean survival: 69.0 years for mothers [min. 22-max. 98] and 69.8 years for fathers [min. 32-max. 100 ] when considering them all; and 74.7 years for mothers and 73.2 years for fathers when the analysis is limited to parents surviving 50 years and over. From this preliminary data, focusing only on survivors 50 years old and over (Figure 1 ), we observe a difference of an average of 5-6 years between the generation of at least 50-year-old parents and that of their offspring, suggesting that we are facing a change in the average age of survival due to improved living conditions between the two generations. The values of average age at death of parents 50-year-old and over are coherent with the estimates reported in Table 1 for individuals, both males and females, belonging to older birth cohorts.
Accordingly, and considering in addition the results of subsequent investigations, the role of birth cohort-at individual and parental level-was introduced into the Cox model as a control variable. Table 1 reports the average survival for males and females conditional to survival to age 50 by their familial survival group classified according to the distribution of cumulative percentage of death into three groups, as discussed in Section 2.3.
In general, it emerges that the familial survival experience influences longer or shorter survival. If family members have a shorter lifetime, both male and female individuals live shorter lives. 50-year-old children of frail parents live shorter lives than their peers born to robust parents, the only exception being sons of frail fathers, who record a survival advantage of 2.4 years. For all other groups, the differences vary from a minimum of 3.2 years (lower age at death for sons of frail mothers) to a maximum of 4.2 years reduced survival of daughters of frail mothers. Differences between familial survival groups according to parents' survival, however, are not statistically significant.
The importance of the familial component assumes greater significance when the analysis focuses on resemblance within the sibship. Having frail siblings significantly reduces the average survival of the individual by 4.2 years for females and 7.0 years for males. Conversely, if siblings are robust, individuals live longer.
The analysis of survival by birth cohort highlights that in Villagrande Strisaili there is a secular improvement of survival across time and individuals born in more recent cohorts experience higher survival chances; in addition, differences between cohorts are statistically significant and females seem to gain greater benefit from the improved living conditions.
Kaplan-Meier survival curves
The use of Kaplan-Meier (KM) curves helps to better understand the evolution of mortality trajectories from age 50 of the identified familial survival groups. The results of sensitivity test scores by sex give a measure of the level of significance of the detected differences, as well as indicating whether they are more relevant at the beginning of the ageing process (Breslow test) or at more advanced ages (log-rank test). For the sake of simplicity, not all survival curves are presented here.
Before discussing in detail what emerges from the comparison of KM survival curves, it is necessary to specify that the tests did not show statistically significant differences between males and females (Breslow chi square = 0.014, p-value = 0.907; log-rank chi square = 0.024, p-value = 0.876).
The adoption of a longitudinal perspective in the data analysis confirms the existence of a cohort effect as well as the importance for a longer survival of not having a family member who died early, as had previously to some extent emerged from the analysis of the differences in the average age at death. 2 The strong relationship between the survival of siblings is confirmed here especially with regard to the survival experience of males 3 (Figure 2a and Figure 2b) .
The positive effect of increased maternal lifespan on the survival of individuals of both sexes is supported by statistically significant differences between the survival curves. 4 As Figure 3a shows, having a long-lived mother significantly affects the survival of daughters from age 65 up to the oldest ages. For males its relevance is detected from 50 years until age 85 (Figure 3b) . In all instances, the greatest differences are observed between the familial group of frail and robust individuals, which means that the other family members' survival experiences could be considered as valuable predictors of individual survival. 
Cox proportional hazard models
As discussed in Section 2.4, a set of Cox proportional hazard models were fit and estimates are presented in Table 2 .
All models show that sex has no statistically significant effect on determining individuals' survival differences between males and females, underlying an unusual level of male longevity in the study population. Despite the fact that in developed countries females are expected to live longer than males, this pattern is not observed in Villagrande Strisaili-a peculiarity that has also been examined in prior research carried out in the same village referring to different birth cohorts (Poulain et al. 2004; Salaris 2010; Poulain et al. 2011) .
With regard to parent-offspring relationships, maternal age at death proves to be relevant and its importance persists in all models. To investigate the different impact of the mother's age at death on individual survival, Model 2 has been run separately for males and females. As shown in Table 3 , among the possible relationships between parent and offspring survival, the only one worthy of note is the mother-daughter one (odds ratio = 0.992), which suggests that transmission seems to be same-sex linked.
The most important relationship among family members is that between siblings, which is highly significant and-when Model 2 is run separately for the two sexesproves to influence male survival slightly more importantly (odds ratio = 0.980) than female survival (odds ratio = 0.984). This difference in sibling survival resemblance for males confirms the findings of preliminary exploration of the data both in average comparison and by means of KM survival curves.
When in Model 3 the average survival of siblings is weighted for the proportion of survivors at the eightieth percentile and above over 50+ survivors of each family, the sibling survival effect remains highly significant (odds ratio = 0.972).
The introduction of family-shared frailty in the Cox model (Model 4) allows us to detect the presence of unobserved family covariates that significantly influence survival after 50 years. In Model 4 the effect of siblings' longevity is no longer estimated by their average survival but is based on age at death of individuals within each family group. The inclusion of sibship frailty in Model 4 implies reasoning in group terms as it expresses the common susceptibility to death exhibited by all siblings in the family. The sibship frailty is moderately significant (p-value = 0.046; variance of random effect = 0.0669). This suggests that a family frailty component exists with regard to mothers' age at death. However, the high level of longevity that characterises the population examined, together with the substantial absence of gender differences, is not likely to allow for the observation of a markedly significant effect in our sub-population. It cannot be stated whether the detected frailty is significantly determined by genetic or environmental variables. 
Discussion
The results presented show that even in a community such as Villagrande Strisaili, which stands out for the exceptional longevity of its inhabitants, family factors do influence longer survival. Among the most significant aspects, we confirm that we are dealing with a community where there are no statistically significant differences between male and female survival. The examination conducted of the relationship parents-offspring and between siblings reveals that the latter relationship turns out to be particularly important. All relevant factors are discussed in greater detail in the following sub-sections, where we attempt to identify points of convergence and peculiar features with other studies on family survival relationship which focused on different populations.
No sex survival differences in Villagrande Strisaili
As evidenced by an earlier study on the population of Villagrande Strisaili that analysed longitudinally the survival of cohorts 1872-1912 (Poulain et al. 2011) , in the present work (which has extended back the period to earlier birth cohorts) no statistically significant sex differences in survival were observed. The absence of sex differences obviously has an impact on analysis estimates and particularly on the frailty model since within family groups it makes it difficult for the model to distinguish families according to the possible different gender compositions.
As shown in Figure 1 , males and females present similar mortality patterns. Significant differences between them do not emerge in the longitudinal perspective. How to explain this phenomenon? In general, the sex differential in survival is attributed to inequality in the occurrence of certain medical disorders such as cardiovascular diseases, lung cancer and also accidents, which are more frequent among males (Gionça et al. 1999; Guralnik et al. 2000; Austad 2006 ). Among the relevant factors, a healthy lifestyle during the early elderly years proved to enhance male survival and improve health and function in older age (Yates et al. 2008 ).
In the case of Sardinia, the low level of mortality due to cardiovascular diseases at 80 years and over was detected as a possible explanation for the differences in sex ratio value observed at more advanced ages (Caselli and Lipsi 2006) . Poulain et al. (2011) who examined the case of Villagrande Strisaili did not identify a single factor responsible for the non-existing survival differences between the two sexes, but the authors emphasised the possible role played by biological/genetic factors such as telomere length (Aviv et al. 2005 ) and mitochondrial DNA (Fraumene et al. 2003) , while behavioural and sociocultural factors were assumed to have influenced gender differences in social roles (Assmuth 1997) , in lifestyle and nutrition, physical activities and energy balance (Pes et al. 2013 ).
Transmission of longevity: the role of parental survival on the offspring
The survival experience of parents is associated with the lifespan of their offspring. In Villagrande Strisaili we observe that individuals born to long-lived mothers and fathers live longer on average than their peers born to frailer parents. However, paternal and maternal survival acts differently on individual survival with variable effects on males and females.
In the examined population the relationship between the survival of the father and that of his offspring is quasi-absent in all analyses and it is worth reflecting on this puzzling result. As we had the opportunity to underline the results of the comparison of mean age at death by familial survival group (Table 1) , we observed that 50-year-old males born to robust fathers live shorter lives than their peers born to frail ones. The set of Cox models presented in Table 3 confirm this trend, namely that the increase in the age of the father at death has a reducing effect on male offspring survival. How to explain this result? Since estimates are not statistically significant, it is difficult to speculate on the possible reasons for the pattern observed.
According to the findings of other studies, the role of the paternal effect on offspring survival is not really clear and varies depending on the examined populations. Some studies in fact found a positive association between fathers and their offspring (Gavrilov and Gavrilova 2001) and particularly an important fatherdaughter relationship at advanced ages (Poulain et al. 1998; Cournil et al. 2000; Gavrilov and Gavrilova 2001; Blackburn et al. 2004) , while others reported no statistically significant effect of paternal survival (Jalavisto 1951; Matthijs et al. 2002; Mazan and Gagnon 2007) . In general, findings on paternal effect are different, divergent and inconclusive; probably because the relationship is more complex than we assume. Furthermore, we should not neglect the effect that the longevity threshold adopted in the different studies has on the estimates.
Maternal association on the other hand proves to be of greater importance than paternal association in Villagrande Strisaili. The mother's age at death turns out to be a significant predictor of individual survival and this relationship emerges when a longitudinal perspective is adopted. The positive effect of having a long-living mother is particularly relevant for daughters, emphasising the greater relevance of the mother-daughter transmission line.
This finding is consistent with prior investigation on the role of familial transmission among Sardinian centenarians, which examined a limited number of family trees and suggested that clustering of exceptional survival was mainly on the maternal side . A greater maternal effect was observed in other populations as well (Jalavisto 1951; Desjardins and Charbonneau 1990; Westendorp and Kirkwood 2001; Blackburn et al. 2004) .
From a genetic point of view, the relevance of the mother-daughter relationship stresses the possible role that X chromosomes could have on successful ageing and on survival in general, which has oriented researchers towards investigating the genetic maternal effects on lifespan through the inheritance of mitochondrial DNA (Korpelainen 1999; De Benedictis et al. 1999; Christensen et al. 2001; Fraumene et al. 2003) .
However, as Cohen reported in 1964 "familial similarities in life span does not unequivocally imply a genetic factor, for family similarity may result from environmental similarity" (p. 133). Therefore, the relevant association between maternal survival and that of a mother's offspring, and of daughters in particular, cannot be considered to be an exclusively genetic outcome, but interpretation should not ignore the historical social role of the mother. Indeed, mothers have been the primary member of the family devoted to child care and child rearing, cooking, house cleaning and medical care (Van Poppel 2000) . In Sardinia they usually maintained family and neighbourhood connections ensuring the support of relatives and friends for the family (Salzman 1997) and transmitted family values, traditions, remedies, customs and lifestyle (Oppo 1990) .
Another plausible explanation linked to the central role of mothers in providing family care may be the fact that a possible premature loss of the mother could have a negative effect on survival. As pointed out by Salaris (2010) for the same village, the loss of mother before age 5 had important immediate effects on small children but also proved to have long-term effects, reducing survival at more advanced ages. Consequently, it is also possible to imagine that for older daughters, mother loss implied an additional workload as they most likely had to take care of the family.
Family survival resemblance: the role of siblings
The survival resemblance between siblings is shown to be particularly strong and statistically significant compared to that of parents and it emerges in all analyses presented here. In Villagrande Strisaili we observe that from age 50, having a robust sibship increases the mean age at death by 4.2 years for female and 7.1 years for males compared to frail males.
The average survival of siblings has been operationalised in three different ways in this study and in all the analyses performed the survival of siblings represents a good predictor of individuals' survival, particularly for males.
This result confirms what was found in other studies comparing the survival of siblings of centenarians or of sib-pairs (Bocquet-Appel and Jacobi 1990; Poulain et al. 1998; Perls et al. 2002 Perls et al. , 2007 Shoenmaker et al. 2006; Willcox et al. 2006; Blackburn et al. 2004; Mazan and Gagnon 2007; Jarry et al. 2012b ). In general, it emerges that having a long-living or a centenarian sibling is a powerful predictor of longer survival and is particularly important for reaching oldest ages. However, in several of the studies cited, researchers also found a positive association for partners, suggesting that the environmental component could also affect longevity.
Siblings share on average 50 per cent of their genetic endowment and among the possible explanations for the positive relationship found between individuals their genetic factors are the most obvious. The fact that siblings are exposed to similar historical and living conditions probably helps to detect more clearly the role of genes than in the parents-offspring relationship, where secular improvements in survival could have a distorting effect.
However, in our interpretation we cannot neglect the role of mutual sharing of early environment and socio-economic conditions of the family of origin. The number of factors that individuals share with their siblings is more consistent compared to what they share with their parents. What siblings have in common are genes, but also household characteristics, contextual and environmental variables that are both internal and external to the family, and they experience relevant historical events and/or possible risks of mortality at similar ages. All these factors suggest reflecting on the possible effect of early-life conditions on late survival (Ben-Shlomo and Kuh 2002) . In fact, the family should not only be considered as a gene-transmitter, but it also represents the environment that siblings share during childhood and to some extent also throughout their entire lives. The fact that in the population examined the relationship between siblings is particularly relevant for males might suggest that in a society like that of Villagrande Strisaili, which is predominantly pastoral, the dynamics of capital management and accumulation as well as models of co-farming of livestock could be a possible explanation for the strong links established in the past between brothers of a pastoral culture (Murru Corriga 1990).
The role of heterogeneity and frailty
From our results it emerges that to improve the understanding of familial transmission of longevity, research should take into account the role of heterogeneity and that of frailty. Populations are rarely homogenous and individuals demonstrate different levels of susceptibility to mortality (Vaupel et al. 1979) . Some persons are more robust than others and conversely some subjects prove to be particularly vulnerable. Moreover, mortality at different ages changes the composition of population at risk as frail individuals are those who are eliminated early and at older ages the remaining survivors are the robust ones (Vaupel and Yashin 2001) .
Research on longevity mostly focuses on the robust component of populations, but in a community like that of Villagrande Strisaili where most people are long-lived, it may be difficult to distinguish between groups of individuals according to their survival, all the more so in a context such as that of Sardinia where the population has proved to be genetically highly homogenous (Contu et al. 1998; Lampis et al. 2000) .
In opposition to the classic robust-oriented approach, in our analysis the identification of the group of frails among fathers, mothers and siblings made it possible to point out the role that this component also has in population dynamics. Moreover, in Villagrande Strisaili the comparisons of familial survival groups (robust vs frail)-which were identified not with respect to a fixed age but according to the distribution of deaths-showed that the frail component appears to be a more dependable predictor of individual survival than the robust one.
The second important concept related to that of heterogeneity is that of frailty. In the present study frailty has been operationalised at family level as well as its joint effect on individual longevity of the survival experiences of all siblings (including the individual in question). Its importance is related to the fact that frailty does not refer to individuals' longevity per se, but to "a set of susceptibilities and risk factors that alter their chances of death at different ages" (Vaupel 1988, 277) . Reasoning in terms of predisposition rather than determination of longevity seems more appropriate, as highlighted by a recent critical review of studies on genetic determinants of human longevity (Christensen et al. 2006) . The effect of genes, in fact, was shown not to remain stable but rather to determine a certain level of susceptibility to specific diseases and to death. This means that individuals who live longer are assumed to be capable of optimising stress response mechanisms rather than not having negative stimuli (Franceschi et al. 2000) . Future developments should further consider the role of frailty as well as examine in greater detail the variability of deaths within families.
Conclusions
The present contribution focused on the estimation of possible family transmission on longevity, and examined in detail the parent-offspring relationships and those between siblings in a population such as that of Villagrande Strisaili which is characterised by a high level of longevity. Accordingly, the decision to use a relative threshold to identify survival groups proved to be an appropriate strategy since it takes into account the mortality levels of the examined population.
The study aimed to detect the presence of the more robust and more frail components of the population based on the assumption that any episode of marked longevity might be repeated on many individuals within the same family. Indeed, the introduction in the analysis of the frail component proved to be a more informative predictor of individual survival than the robust one.
Among the possible family relationships, the analysis has highlighted the existence in the population of Villagrande Strisaili of a significant mother-daughter relation. However, the most interesting results relate to the role played by age at death of siblings. Having a long-living sibship proves to be a powerful predictor of longer survival and this is particularly important for reaching oldest ages. The relevance of this latter variable emerged in all the analyses performed and was emphasised by the introduction of a weighted measure of sibship survival. The system of weights constructed, albeit crude, enabled us to assign a different importance to family groups according to the detected proportion of most robust members. As a result of our findings it would seem that future research should be devoted to the development of a more reliable system of weights which could take into account familial survival history (including all ages) and additional family characteristics and socio-economic conditions.
